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Chapter One

Magnetic Field of the Electric Current
1.1 Magnetic Fields

Experiments show that a stationary (motionless) charged particle doesn’t interact with a static
magnetic field. But, when a charged particle is moving through a magnetic field, a magnetic force acts on it.
This force has its maximum value when the charge moves in a direction perpendicular to the magnetic field
lines. Magnetic force decreases in value at other angles (<90°), and becomes zero when the particle moves
along the magnetic field lines.

This is quite different from the electric force, which exerts a force on a charged particle whether it’s
moving or at rest. Further, the electric force is directed parallel to the electric field while the magnetic force
on a moving charge is directed perpendicular to the magnetic field.

We can describe the properties of the magnetic field (B) at a certain point in terms of the magnetic
force exerted on a test charge at that point. Our test object is a charge (g) moving with velocity (¥). It is
found experimentally that the strength of the magnetic force on the particle is directly proportional to the
magnitude of the charge (q), the magnitude of the velocity (¥), the strength of the external magnetic field
(B), and the sine of the angle (8) between the direction of (¥) and the direction of (B) (Figure 1.1). These

observations can be summarized by writing the magnitude of the magnetic force (F) as [1]:

F = quBsin 6 (1.2)

Figure 1.1: The direction of the magnetic force on a positively
charged particle moving with a velocity (%) in the presence of a

magnetic field (B).

=l

+q |6

<l

This expression (1.1) is used to define the magnitude of the magnetic field (B) as:

B=—L (L2)

qu sin 0

If (F) is in newton’s (symbol: N), (¢q) in coulombs (symbol: C), and (%) in meters per second (m/s),

then the International System of Units (SI) of magnetic field (B) is the tesla (T), also called the weber (Wh)

per square meter (1T = 1 Wh/m?).
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If a (1C) charge moves in a direction perpendicular to a magnetic field of magnitude (1T) with a

speed of (1 m/s), the magnetic force exerted on the charge is (1N). We can express the units of (B) as:

“w__N¥ _ N (1.3); Where C/s = Ampere (1=Q/t).

m2  Ccm/s Am

B=T

In practice, the cgs (centimeter-gram-second) unit for magnetic field, the gauss (G), is often used. The gauss

is related to the tesla through the conversion:
1T =10*G

Conventional laboratory magnets can produce magnetic fields as large as about 25000 G, or 2.5 T.
Superconducting magnets that can generate magnetic fields as great as 3 x 10° G, 30 T, have been
constructed. These values can be compared with the value of Earth’s magnetic field near its surface, which

isabout 0.5 G, or 0.5 X 107*T.

From equation (1.1) we see that the force on a charged particle moving in a magnetic field has its
maximum value when the particles motion is perpendicular to the magnetic field, corresponding to (6 =

90°, so that sin = 1 (Figure 1.2). The magnitude of this maximum force has the value:
Enax = quB (1.4)

Also from equation (1.1), F is zero when (%) is parallel to (B), corresponding to (6 = 0° or 180°), S0 no
magnetic force is exerted on a charged particle when it moves in the direction of the magnetic field or

opposite the field.

4, y =cos x° y = sin x*

Figure 1.2 Display the sine and cosine waveforms.

02 180° 2o 360°

Experiments show that the direction of the magnetic force is always perpendicular to both (¥) and

(B), as shown in Figure 1.1, for a positively charged particle.

To determine the direction of the force, we employ (use) the right-hand rule number 1 (RHR-1) (Figure

1.3):
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1) Point the fingers of your right hand in the direction of the velocity (¥).
2) Curl the fingers in the direction of the magnetic field (B), moving through the smallest angle (as in
Figure 1.3).

3) Your thumb is now pointing in the direction of the magnetic force F exerted on a positive charge.

Figure 1.3: Right-hand rule number 1 for
determining the direction of the magnetic
force on a positive charge moving with a
velocity in a magnetic field.

If the charge is negative rather than positive, the force F is directed opposite that shown in Figures
1.1 and 1.3. So if q is negative, simply use the right-hand rule to find the direction for positive g, and then
reverse that direction for the negative charge.

Exercise 1:(HW)
The north-pole end of a bar magnet is held near a stationary positively charged piece of plastic. Is the plastic

(a) attracted, (b) repelled, or (c) unaffected by the magnet?

If a bar magnet is suspended (as shown in the Figure below) from its midpoint and can swing freely
in a horizontal plane, it will rotate until its North Pole points to the Earth’s geographic North Pole and its
South Pole points to the Earth’s geographic South Pole. (The same idea is used in the construction of a

simple compass).

Freely suspended magnet always
points North and South direction

Geographic
North Pole

Geographic
South Pole
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Example 1:

A proton moves with a speed of (1x10° m/s) through Earth’s magnetic field (Figure 1.1), which has a value
of (55 uT), at a particular location. When the proton moves eastward, the magnetic force acting on it is
directed straight upward, and when it moves northward, no magnetic force acts on it. (a) What is the
direction of the magnetic field, and (b) what is the strength of the magnetic force when the proton moves

eastward? Note that the proton charge is 1.6x10™ C.

South
magnetic
pole

Geographic
north pole

Magnetic Rotation
F axis axis

Figure 1.1: The Earth’s Magnetic Field.

Geographic
south pole
North
magnetic
p pole .

() Find the direction of the magnetic field?
No magnetic force acts on the proton when it’s going north, so the angle that a proton makes with the
magnetic field direction must be either 0° or 180°. Therefore, the magnetic field (B) must point
either north or south. Now apply the RHR. When the particle travels east, the magnetic force is

directed upward. Point your thumb in the direction of the force and your fingers in the direction of

the velocity eastward. When you curl your fingers, they point north, which must therefore be the

direction of the magnetic field.

(b) Find the magnitude of the magnetic force?

From part (a), the angle between the velocity of the proton and the magnetic field is 90°.
F = quBsin 6 = (1.6 x 1071°C) (1 x 105?) (55 x 1075T) 5in(90°)

F=88x%x10"YN

Exercise 2:(HW)
Suppose an electron is moving due west in the same magnetic field as in Example 1 at a speed (2.5x10°

m/s). Find the (a) magnitude and (b) direction of the magnetic force on the electron?

Answer: 2.2x10™® N, Straight up.
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2.2 Torqgue On A Current Loop In Uniform Magnetic Field

In the previous (preceding) chapter we showed how a magnetic force (F = Bllsin ) is exerted on a

current carrying conductor when the conductor is placed in an external magnetic field. With this as a starting

point, we now show that a torque is exerted on a current loop placed in a magnetic field. The results of this

analysis will be of great practical value when we discuss generators and motors.

Torque is the twisting force that tends to cause rotation, Or “the force or power that makes

something turns around a central point”. The point where the object rotates is known as the axis of rotation

(Pivot axis).

Consider a rectangular loop carrying current (I) in the presence of an external uniform magnetic

field in the plane of the loop, as shown in Figure 2.1a.

s
B
—_—
-
il
—_—
—_—
-
—y

(a) % (b)

(c)

Figure 2.1: (a) Top view of a rectangular loop in a uniform magnetic field (B). No magnetic forces act on the
sides of length (a) parallel to (B), but forces do act on the sides of length (b). (b) A side view of the
rectangular loop shows that the forces (F;) and (F,) on the sides of length (b) create a torque that tends to
twist the loop clockwise. (c) If (B) is at an angle (8) with a line perpendicular to the plane of the loop, the

torque is given by (BIA sin#).

For a deep (more) understanding see the pictures below:

Axis of rotation

F=ILB

./
”
’/
I = I ; ) t
— e (Current
< D \ outward)
-
.1 7z R
P
N L

(a)

Normal 1o
plane of loop
/

/ Current
inward)
I
Line of action

{b) Side view (pivot side)
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The forces on the sides of length (a) are zero because these wires are parallel to the field. The

magnitudes of the magnetic forces on the sides of length (b) are:
F, =F, =BIb

The direction of F,, the force on the left side of the loop, is out of the page (Figure 2.1a), and that of
F,, the force on the right side of the loop, is into the page (Figure 2.1a). If we look (view) the loop from the
side, as in Figure 2.1b, the forces are directed as shown. If we assume that the loop is pivoted (rotated), so
that it can rotate about point (0), we see that these two forces produce a torque about (0) that rotates the

loop clockwise. The magnitude of this torque, 7,4y, iS:
a a a a
Tmax = Flz'l' FZE = (Blb)E‘F (Blb)z = Blab

Where the moment arm about (0) is (a/2) for both forces.

Because the area of the loop is (A = ab), the torque can be expressed as:
Tmax = BIA (2.1)

This result is valid only when the magnetic field is parallel to the plane of the loop (i.e. (B) is at an
angle (6= 90°) with a line perpendicular o the plane of the 100p), as in Figure 2.1b. If the field makes an

angle (6) with a line perpendicular to the plane of the loop, as in Figure 2.1c, the moment arm for each force

is given by (a/2) sinf. An analysis similar to the previous gives, for the magnitude of the torque:
T = BIA sinf (2.2)

This result shows that the torque has the maximum value (B1A) when the field is parallel to the plane

of the loop (i.e. (B) is at an angle (6 = 90°) with a line perpendicular to the plane of the loop).

And the torque is zero when the field is perpendicular to the plane of the loop (eX(B)liSatan‘angle

As seen in Figure 2.1c, the loop tends to rotate to smaller values of (6), (so that the normal to the
plane of the loop (i.e line perpendicular to the plane of the loop) rotates toward the direction of the magnetic
field).

Although the previous (foregoing) analysis was for a rectangular loop, a more general derivation
shows that Equation 2.2 applies regardless of the shape of the loop. Further, the torque on a coil with (N)

turns is:
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T = BIAN sinf (2.3)

The quantity (u = IAN) is defined as the magnitude of a vector (i) called the magnetic moment of the coil.
The vector (i) always points perpendicular to the plane of the loop (s). The angle (8) in Equations 2.2 and
2.3 lies between the directions of the magnetic moment (i) and the magnetic field (B). The magnetic torque

can then be written:

T = uB sinf (2.4)

Example 2.1: The Torque on a Circular Loop in a Magnetic Field

A circular wire loop of radius (1 m) is placed in a magnetic field of magnitude (0.5 T). The normal to the
plane of the loop makes an angle of (30°) with the magnetic field (Fig. 1.1a). The current in the loop is
(2 A) in the direction shown. (a) Find the (i) magnetic moment of the loop and the (ii) magnitude of the
torque at this instant. (b) The same current is carried by the rectangular (2 m) by (3 m) coil with three loops
shown in Figure 1.1b. Find the (i) magnetic moment of the coil and the (ii) magnitude of the torque acting

on the coil at that instant.

Solution:

Figure 1.1: (a) A circular current loop in an external magnetic field
(B). (b) A rectangular current loop in the same field.
(a) Find the (i) magnetic moment (u) of the circular loop and the (ii) magnetic torque (7) exerted on it.

() pu=IAN =

A=nr? = m(1m?) =3.14m?
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u=IAN = (2A4)(3.14m?)(1) = 6.28 A.m?

(ii) t=uBsing = (6.28 A.m?)(0.5T)(sin30°) = 1.57 N.m

(b) Find the (i) magnetic moment of the rectangular coil and the (ii) magnetic torque exerted on it.
A=LxH=02m)(3m)=6m?

(i) w=IAN = 2A)(6m>)A3)=36A4m>

(i) t=uBsind = (36 A.m?)(0.5T)(sin30°) =9 N.m

Remarks: In calculating a magnetic torque, it’s not strictly necessary to calculate the magnetic moment.

Instead, Equation 2.3 can be used directly.

Exercise 2.1:(HW)

Suppose a right triangular coil with base of (2 m) and height (3 m) having two loops carries a current of
(2 A) as shown in the Figure below. Find the magnetic moment and the torque on the coil. The magnetic

field is again (0.5 T) and makes an angle of (30°) with respect to the normal direction.

2.00 m

Answer: nw=12Am? t=3N.m

2.3 Electric Motors

It’s hard to imagine life in the 21st century without electric motors. Some devices (appliances) that
contain motors include computer disk drives, CD players, VCR and DVD players, food processors and
blenders, car starters, furnaces, and air conditioners. The motors convert electrical energy to kinetic energy
of rotation, and consist basically of a rigid current-carrying loop that rotates when placed in the field of a
magnet.
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Subtract the result of part (a) from the result of part (b):
Ady = 0.0499 Wb — 0.0706 Wb = —0.0207 Wb

Remarks: Notice that the rotation of the loop, not any change in the magnetic field, is responsible for the
change in flux. This changing magnetic flux is necessary (essential) in the functioning (working) of electric

motors and generators.

Exercise 3.1:(HW)

The loop, having rotated by 45°, rotates clockwise another 30°, so the normal to the plane points at an angle
of 75° with respect to the direction of the magnetic field. Find (a) the magnetic flux through the loop when

6 = 75° and (b) the change in magnetic flux during the rotation from 45° to 75°.

Answer: (a) 0.0183 Wb (b) —0.0316 Wb

3.3 Faraday’s Law of Induction

The usefulness (utility) of the concept of magnetic flux can be made obvious by another simple
experiment that demonstrates the basic idea of electromagnetic induction. Consider a wire loop connected to
an ammeter as in Figure 3.8. If a magnet is moved toward the loop, the ammeter reads a current in one
direction, as in Figure 3.8a. When the magnet is held stationary (motionless), as in Figure 3.8b, the

ammeter reads zero current. If the magnet is moved away from the loop, the ammeter reads a current in the

The current produced by the relative motion of the coil or the magnet is
called an INDUCED CURRENT and is said to be set up by an induced
electromotive force (emf).

The production of an induced emf in a coil in a closed circuit by the
relative motion of a magnet and the coil is called the phenomenon of
ELECTROMAGNETIC INDUCTION.
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Figure 3.8: (a) When a magnet is moved toward a wire loop
connected to an ammeter, the ammeter reads a current as shown,
indicating that a current (/) is induced in the loop. (b) When the| ¥ *
magnet is held stationary (motionless), no current is induced in {

magnet is moved away from the loop, the ammeter reads a current
in the opposite direction, indicating an induced current going
opposite the direction of the current in part (a). E'Eﬁj (b)
R
==

Ammeter

!

Ammeter

This experiment is similar to the Faraday experiment discussed in Section 3.2. In each case (a & c),

an EMF is induced in a circuit when the magnetic flux through the circuit changes with time. It turns out that

(it appears that) the instantaneous EMF induced in a circuit equals the negative of the rate of change of

magnetic flux with respect to time through the circuit. This is Faraday’s law of magnetic induction.

Faraday’s law: If a circuit contains (N) tightly wound loops and the magnetic flux through each loop
changes by the amount (A®3) during the interval (At), the average EMF induced in the circuit during time
(At) is.

— _NA%s
e=—N " (3.1)

Tip: Induced Current Requires a Change in Magnetic Flux

The existence of magnetic flux (Adp) through an area is not sufficient to create an induced EMF. A

change in the magnetic flux (Adz) over some time interval (At) must occur for an EMF to be induced.

Because @y = BA cos 6, a change of any of the factors (B, A, or 8) with time produces an EMF. We
study the effect of a change in each of these factors in the following sections. The minus sign in Equation
3.1 is included to indicate the polarity of the induced EMF. This polarity simply determines which of two

different directions current will flow in a loop, a direction given by Lenz’s law:
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universe.

» An electric charge can have either positive or negative polarity.

> A voltage or potential difference between two points of an electric circuit has a polarity, describing
which of the two points has the higher electric potential.

» A magnet has a polarity, in that it has two poles described as "north™ and "south" pole.

Lenz’s law: The current caused by the induced EMF travels in the direction that creates a magnetic field

with flux opposing (o' p6ziNG) the change in the original flux through the circuit.

Lenz’s law says that if the magnetic flux (original) through a loop is becoming more positive, then

the induced EMF creates a current and associated magnetic field that produces negative magnetic flux. Some
mistakenly think this "counter magnetic field" created by the induced current, called (Binq) (“ind" for

induced) will always point in a direction opposite the applied magnetic field (B), but this is only true half

the time!

To understand Lenz’s law, let us suppose a bar moving to the right on two parallel rails (rods) in the
presence of a uniform magnetic field (External Field) that we shall refer to as the external magnetic field
(Figure 3.9a). As the bar moves to the right, the magnetic flux through the area enclosed by the circuit

increases with time because the area increases.

Lenz’s law states that the induced current must be directed so that the magnetic flux it produces

opposes the change in the external magnetic flux. Because the external magnetic flux is increasing into the

page, the induced current, if it is to oppose this change, must produce a flux (Bj,q) directed out of the page.
Hence, the induced current must be directed counterclockwise when the bar moves to the right. (Use the
RHR-2 to verify this direction).
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Figure 3.9: (a) As the conducting bar slides on the two fixed
conducting rails, the magnetic flux through the area enclosed
by the loop increases in time. By Lenz’s law, the induced (@) @
current must be counterclockwise so as to produce a
counteracting magnetic flux directed out of the page. (b)
When the bar moves to the left, the induced current must be Bina
clockwise. Why?

v Fp

(b) (b)

If the bar is moving to the left as shown in Figure 3.9b, the external magnetic flux through the area
enclosed by the loop decreases with time. Because the flux is directed into the page, the direction of the
induced current must be clockwise if it is to produce a flux (Bj,q) that also is directed into the page. In both

case, the induced current tends to maintain the original flux through the area enclosed by the current loop.

Let us examine (study) this situation [GHINCVICNPOINOENeIoyIcoNsIderations. Suppose that the

bar is given a slight push to the right. In the preceding analysis, we found that this motion sets up a

counterclockwise current in the loop.

Let us see what happens if we assume that the current is clockwise in Figure 3.9a, such that the
direction of the magnetic force exerted on the bar is to the right. This force would accelerate the bar and
increase its velocity. This, in turn, would cause the area enclosed by the loop to increase more rapidly; this
would result in an increase in the induced current, which would cause an increase in the force, which would
produce an increase in the current, and so on. Actually, the system would acquire (obtain) energy with no

of energy. Thus, we are forced to conclude that the current must be counterclockwise.

The direction of the current in Figure 3.9 can be determined by RHR-2: Paint your right thumb in
the direction that will cause the fingers on your right hand to curl in the direction of the induced field (Bj,q).
In this case, that direction is counterclockwise: with the right thumb pointed in the direction of the current,

your fingers curl down outside the loop and around and up through the inside of the loop.
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Let us consider another situation, one in which a bar magnet moves toward a stationary metal loop,
as shown in Figure 3.10a. As the magnet moves to the right toward the loop, the external magnetic flux
through the loop increases with time. To counteract this increase in flux to the right, the induced current
produces a flux to the left, as illustrated in Figure 3.10b; hence, the induced current is in the direction
shown. Note that the magnetic field lines associated with the induced current oppose the motion of the
magnet. Knowing that, like magnetic poles repel each other, we conclude that the left face of the current

loop is in essence ('es(a)ns) (essence = intrinsic nature) a north pole and that the right face is a south pole.

If the magnet moves to the left, as shown in Figure 3.10c; its flux through the area enclosed by the
loop, which is directed to the right, decreases in time. Now the induced current in the loop is in the direction
shown in Figure 3.10d; because this current direction produces a magnetic flux in the same direction as the

external flux. In this case, the left face of the loop is a south pole and the right face is a north pole.

Figure 3.10: (a) When the magnet is moved toward the
stationary conducting loop, a current is induced in the
direction shown. (b) This induced current produces its own
magnetic flux that is directed to the left and so counteracts the
increasing external flux to the right. (c) When the magnet is
moved away from the stationary conducting loop, a current is
induced in the direction shown. (d) This induced current
produces a magnetic flux that is directed to the right and so
counteracts the decreasing external flux to the right.

Example 3.2:

A coil with 25 turns of wire is wrapped on a frame with a square cross section (1.8 cm) on a side. Each turn
has the same area, equal to that of the frame, and the total resistance of the coil is (0.35 Q). An applied
uniform magnetic field is perpendicular to the plane of the coil, as in Figure. (a) If the field changes
uniformly from (0 T to 0.5 T) in (0.8 s), find the induced EMF in the coil while the field is changing. Find
(b) the magnitude and (c) the direction of the induced current in the coil while the field is changing.

Solution:
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Chapter Four
Inductance
4.1 Self-Inductance

Consider a circuit consisting of a switch, a resistor, and a source of EMF, as in Figure 4.1. When the
switch is closed, the current doesn’t immediately change from zero to its maximum value (e/R). The law of
the current increases with time, the magnetic flux through the loop due to this current also increases. The
increasing flux induces an EMF in the circuit that opposes (o'p6z) the change in original magnetic flux. By
Lenz’s law, the induced EMF is in the direction indicated by the dashed battery in the Figure. The net
potential difference across the resistor (R) is the EMF of the battery minus (-) the opposing induced EMF.

From Kirchhoff's law: So:

Epatt. = €R T Eing ER = Epatt. — Eind

As the magnitude of the current increases, the rate of increase lessens [('les(o)n) (reduces)] and
hence the induced EMF decreases.

This opposing EMF results in a gradual increase in the current. For the same reason, when the switch

is opened, the current doesn’t immediately fall to zero. This effect is called self-induction because the
changing flux through the circuit arises from the circuit itself. The EMF that is set up in the circuit is called a
self-induced EMF.

Figure 4.1: After the switch in the circuit is closed, the current 4 Q\‘\‘\l
produces its own magnetic flux through the loop. As the current g \/

increases towards its equilibrium value, the flux changes in time
and induces an EMF in the loop. The battery drawn with dashed
lines is a symbol for the self-induced EMF. /, €
N

As a second example of self-inductance, consider Figure 4.2, which shows a coil wound (woond) on
a cylindrical iron core (A practical device would have several hundred turns). Assume that the current
changes with time. When the current is in the direction shown, a magnetic field is set up inside the coil,
directed from right to left Figure 4.2a. As a result, some lines of magnetic flux pass through the cross-
sectional area of the coil. As the current changes with time, the flux through the coil changes and induces an

EMPF in the coil. Lenz’s law shows that this induced EMF has a direction so as to oppose the change in the
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current. If the current is increasing, the induced EMF is as pictured in Figure 4.2b, and if the current is
decreasing, the induced EMF is as shown in Figure 4.2c.

To evaluate self-inductance quantitatively, first note that, according to Faraday’s law, the induced
EMF is given by Equation 3.1:

AD,
=—N :
€ At
Lenz's law emf Lenz's law emf
i) Il_+__ __3' N
[;- | ‘ [ |
[ 1l7 — |‘l‘.|7
- U )
| t 0o
I increasing I decreasing
(a) (b) (c)

Figure 4.2: (a) A current in the coil produces a magnetic field directed to the left. (b) If the current increases,
the coil acts as a source of EMF directed as shown by the dashed battery. (c) The induced EMF in the coil
changes its polarity if the current decreases.

The magnetic flux is proportional to the magnetic field, which is proportional to the current in the coil.

Therefore, the self-induced EMF must be proportional to the rate of change of the current with time, or:

Al
E = —LE (4-1)

Where (L) is a proportionality constant called the inductance of the device. The negative sign
indicates that a changing current induces an EMF in opposition to the change. This means that if the current
is increasing (Al positive), the induced EMF is negative, indicating opposition to the increase in current.
Likewise (similarly), if the current is decreasing (Al negative), the sign of the induced EMF is positive,
indicating that the EMF is acting to oppose the decrease.

The inductance of a coil depends on the cross-sectional area of the coil and other quantities, all of
which can be grouped under the general heading of geometric factors. The SI unit of inductance is the henry
(H), which, from Equation 4.1, is equal to 1 volt-second per ampere:

1H=1V.s/A

Electricity eT Magnetism



In the process of calculating self-inductance, it is often convenient to equate Equations 3.1 and 4.1
to find an expression for L:

Adg Al
At At

A ®
= NA_IB = NI—B, (4.2) (Inductance)

In some circuits, a spark occurs between the poles of a switch when the switch is opened (turn off). Why

isn’t there a spark when the switch for this circuit is closed (turn on)?

Explanation: according to Lenz’s law, the direction of induced EMF is such that the induced magnetic field
opposes change in the original magnetic flux. When the switch is opened, the sudden drop in the magnetic
field in the circuit induces an EMF in a direction that opposes change in the original current. This induced
EMF can cause a spark as the current bridges the air gap between the poles of the switch. The spark doesn’t
occur when the switch is closed, because the original current is zero and the induced EMF opposes any

change in that current.

In general, determining (di'torminiNG) the inductance of a given current element can be challenging.
Finding an expression for the inductance of a common solenoid, however, is straightforward (strat’ forword)
(simple). Let the solenoid have (N turns) and length (1). Assume that (1) is large compared with the radius
and that the core of the solenoid is air. We take the interior magnetic field to be uniform and given by
Equation 1.24:

N
B = ponl = uoTI
where (n = N/I) is the number of turns per unit length. The magnetic flux through each turn is therefore:
N
®p = BA =T IA

where (A) is the cross-sectional area of the solenoid. From this expression and Equation 4.2, we find that:

N®p _ p-N2A
I l
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This shows that (L) depends on the geometric factors (1) and (A4) and on (i) and is proportional to the

square of the number of turns. Because (N = nl), we can also express the result in the form:

2
(nll) A = pon?Al = pun?v (4.3b)

L=‘uo

Where (V = Al) is the volume of the solenoid.

Example 4.1: Inductance, Self-Induced EMF, and Solenoids

Goal: Calculate the inductance and self-induced EMF of a solenoid.

(a) Calculate the inductance of a solenoid containing (300 turns) if the length of the solenoid is (25 c¢m)
and its cross-sectional area is (4 X 10™* m?). (b) Calculate the self-induced EMF in the solenoid described
in (a) if the current in the solenoid decreases at the rate of (50 A/s).

Solution:
(a) Calculate the inductance of the solenoid.

U.N?A
l

2 —4 2
= (41 x 1077 T.m/A)% =181 x 107* T.m?/A = 0.181 mH
m

L =

(b) Calculate the self-induced EMF in the solenoid.

Al
&= _LE = —(1.81 x 107* H)(=50 A/s) = 9.05 mV.

. Al . . . . N
Remark: Notice that (A—t) is negative because the current is decreasing with time.

Exercise 4.1:(HW)

A solenoid is to have an inductance of (0.285 mH), a cross-sectional area of (6 x 10™* m?), and a length
of (36 cm). (@) How many turns per unit length should it have? (b) If the self-induced EMF is (—12.5 ml")

at a given time, at what rate is the current changing at that instant?

Answer: (a) 1025 turns/m (b)439A/s
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Inductor: also called a coil, choke, or reactor, is a passive two-terminal electrical component that stores
energy in a magnetic field when electric current flows through it. An inductor typically consists of an
insulated wire wound into a coil as in the Figure below.

Inductor I I

Cylindrical Core Conducting Wire | |

1 1

Current‘ TCurrent
Air core Iron core Ferrite core Variable core
Inductor Inductor Inductor Inductor

shutterstock.com - 1884941551

4.2 Energy Stored In Magnetic Field

circuit. The battery has to do work to produce a current. We can think of this needed work as energy stored

in the inductor in its magnetic field. We find that the energy stored by an inductor is:
PE, = %le, 4.4) (Energy stored in an inductor)

Note that the result is similar in form to the expression for the energy stored in a charged capacitor

{Equation-16-18):

PE; = %C(AV)Z, (4.5) (Energy stored in a capacitor)

Example 4.2: Magnetic Energy

Goal: Relate the storage of magnetic energy to currents in an RL circuit.

A (12V) battery is connected in series to a (25 Q) resistor and a (5 H) inductor. (a) Find the maximum
current in the circuit. (b) Find the energy stored in the inductor at this time. (c) How much energy is stored

in the inductor when the current is changing at a rate of (1.5 A/s)?

Strategy: In part (a), Ohm’s law and Kirchhoff’s voltage rule yield (give) the maximum current, because the

voltage across the inductor is zero when the current is maximal. Substituting the current into Equation 4.4
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Chapter Five

Alternating Current Circuits and Electromagnetic Waves

5.2 Kirchhoff's Rules and Complex DC Circuits

We can analyze simple circuits using Ohm's law and the rules for series and parallel combinations of
resistors. However, there are many ways in which resistors can be connected so that the circuits formed can't
be reduced to a single equivalent resistor. The procedure for analyzing more complex circuits can be

facilitated by the use of two simple rules called Kirchhof's rules (Serway):

1) Kirchhoff's Current Law (KCL):

e KCL (1% Law) states that the current flowing into a node (or a junction) must be equal to the

current flowing out of it. Kirchhoff's first law is based on the conservation of charge because
sum of current entering to the junction (node) is equal to sum of current leaving the junction.
e This idea by Kirchhoff is commonly known as the Conservation of Charge.
2) Kirchhoff's Voltage Law (KVL):
e KVL (2" Law) states that the algebraic sum of potential drops in a closed circuit is zero. So,
it is based on the conservation of energy.

e This idea by Kirchhoff is known as the Conservation of Energy.

According to KVL, The voltage around a loop equals the sum of every voltage drop in the same loop for any
closed network and equals zero. Put differently (In other words), the algebraic sum of every voltage in the

loop has to be equal to zero and this property of Kirchhoff's law is called conservation of energy.

1. The sum of the currents entering any junction must equal the sum of the
currents leaving that junction. (This rule is often referred to as the junc-
tion rule.)

2. The sum of the potential differences across all the elements around any
closed circuit loop must be zero. (This rule is usually called the loop rule.)

The junction rule (KCL) is a statement (term) of conservation of charge. Whatever current enters a given
point in a circuit must leave that point because charge can't build up (accumulate) or disappear at a point. If

we apply this rule to the junction (node) in Figure below, we get:
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L=L+1I @

—

Flow in
Figure 18.12b represents a mechanical analog of the circuit shown inl —= Flow out
Figure 18.12a. In this analog, water flows through a branched pipe with no p—
leaks. The flow rate into the pipe equals the total flow rate out of the two )

Figure 18.12 (a) A schematic dia-
branches. gram illustrating Kirchhoff 's junction

rule. Conservation of charge requires

that whatever current enters a junc-
tion must leave that junction. In this
case, therefore, I) = Iy + Is. (b) A
mechanical analog of the junction
rule: the net flow in must equal the
net flow out.

A

| Curents jy om\pulsating
in
Node — .
~ direct
25 \ /\\f\‘_// variable

. ( t

Currents entering the node
equals
AR lBavihG the
current leaving the node Giiffents

out

s '
alternating

L+L+L+(-l,+-)=0

The loop rule (KVL) is equivalent to the principle of conservation of energy. Any charge that
moves around any closed loop in a circuit (starting and ending at the same point) must gain as much energy

as it loses.

It gains energy as (when) it is pumped through a source of EMF. Its energy may decrease in the form
of a potential drop -IR across a resistor or as a result of flowing backward through a source of EMF, from
the positive to the negative terminal inside the battery. In the latter case, electrical energy is converted to

chemical energy as the battery is charged. When applying Kirchhoff's rules, you must make two decisions at

the beginning of the problem:

1) Assign (determine) symbols and directions to the currents in all branches of the circuit. Don't worry
about guessing (estimate) the direction of a current incorrectly; the resulting answer will be negative,
but its magnitude will be correct. (This is because the equations are linear in the currents - all
currents are to the first power).

e A linear equation is an algebraic equation in which each variable term is raised to the
exponent or power of 1. A linear equation in one or two variables always represents a straight

line when graphed.
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o Example: x+2y =4 is a linear equation and the graph of this linear equation is a straight line.
and be consistent in going either clockwise or counterclockwise. As you traverse the loop, record
voltage drops and rises according to the following rules (summarized in Figure 18.13, where it is

assumed that movement is from point a toward point b):

(a) o AV

(b) -—’Wv—;
¢ AV=V,-V,=+IR °

€
() —*

T AV=V,-V,=+& °

E
(d) o—*‘l’—o

a b

AV=V,-V, = -E
Figure 18.13 Rules for determin-
ing the potential differences across a
resistor and a battery, assuming the
battery has no internal resistance.

a) If aresistor is traversed in the direction of the current, the change in electric potential across the
resistor is -IR (Fig. 18.13a).

b) If a resistor is traversed in the direction opposite the current, the change in electric potential across
the resistor is +IR (Fig. 18.13Db).

c) If asource of emf is traversed in the direction of the emf (from - to + on the terminals), the change in
electric potential is +¢ (Fig. 18.13c).

d) If asource of emf is traversed in the direction opposite the emf (from + to - on the terminals), the
change in electric potential is -¢ (Fig. 18.13d).

There are limits to the number of times the junction rule (KCL) and the loop rule (KVVL) can be used.
You can use the junction rule as often as needed as long as, each time you write an equation, you include in
it a current that has not been used in a previous junction-rule equation. (If this procedure isn’t followed, the

new equation will just be a combination of two other equations that you already have). In general, the
number of times the junction rule can be used is one fewer than the number of junction points in the circuit.
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The loop rule (KVL) can also be used as often as needed, so long as a new circuit element (resistor or
battery) or a new current appears in each new equation. To solve a particular circuit problem, you need as

numerous independent equations as you have unknowns.

Problem-Solving Strategy Applying Kirchhoff’s
Rules to a Circuit

After taking all the above comments into consideration, we will now proceed:

1) Solve the equations simultaneously for the unknown quantities, using substitution or any other
method familiar to the student.
2) Check your answers by substituting them into the original equations.

GUSTAV KIRCHHOFF, German
Physicist (1824-1887)

Together with German chemist Robert
Bunsen, Kirchhoff, a professor at Heidel-
berg, invented the spectroscopy that we
study in Chapter 28. He also formulated
another rule that states, “A cool substance
will absorb light of the same wavelengths
that it emits when hot.”

AIPESVA, WF. Meggers Collection

Kirchhoff’s Junction Law

For a junction, the law of conservation of current requires that:

DD 5y

At any junction point, the sum of all currents entering the junction
must equal the sum of all currents leaving the junction.

3 1
Junction /3'
\ \ IOllt

fn
Iin

Junction law: I, = I, + I;
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Kirchhoff’s Loop Law

For any path that starts and ends at the same point:

AVipep = E(AV).’ =0

The sum of all the potential differences encountered
while moving around a loop or closed path is Zero.

Start and
end here.

Add the potential
differences around

the loop.

Loop law: AV, + AV, + AV, + AV, = 0

Now. we need to learn how to calculate these AV. Let’s start with a battery: |:>

The sum of all potential differences encountered while moving around a loop or closed path is zero.

AV across a battery

according to a property of a battery

Lower V' Higher V'
b \._ :/"
‘ |I I
Travel rlirq‘m'nn
/ \
Initial point / “‘Final point

according to a travel direction

AV=V—V; =V, — I ) AV >0 Poteniialincreases
® For an ideal battery in the negative-to-positive direction:
AV = +€

For a battery, the potential difference is positive if your chosen loop

is from the

gal | toward the positive terminal

Potential decreases

AV=V, -V, =V.-V, =) av<o

Higher V. Lower V'
\\.+ _‘/" ® For an ideal battery in the positive-to-negative direction:
I] AVig=—€
4 » bat
Travel dirocti
ropreOtegion The ial difference is negative if the loop di is from the
k \ positive | toward the |
Initial point  Final point \ Ui
AV’s across resistor o
S across resistors -
EE— =
Higher V' Lawer’V

(Because 1 flows from higher V to'lower V)
Cyrrent direction
" — o
+ =
Y ™
Aravel directiop
Initial point Final point
according to a travel direction

Current direction
S————r

— +
— W

-
Travel direction

Potentinl decreases

AV =V, —=Vi=V_.-V,=—-IR

For a resistor, apply Ohm’s law; the potential difference is

negative (a decrease) if your chosen loop direction is the same as
the chosen current direction through that resistor

Potential increases

AV =V, —V, =V, =V = +IR

For a resistor, apply Ohm’s law; the potential difference is positive
(an increase) if your chosen loop direction is opposite to the
chosen current direction through that resistor
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